Taper models to predict upper stem diameters, as well as total tree volume, are presented for 11 major conifer species in the Acadian Forest Region of North America. The Kozak (2004. My last words on taper equations. For. Model 02 taper equation was used as the base model form. A nonlinear mixed-effects modeling approach was used to account for autocorrelation present among multiple stem analysis observations collected from the same tree. Results show that fitted taper equations can accurately predict both stem form and volume across a range of conditions. The taper models generally had slightly lower bias and root mean square error than the commonly used regional Honer refitted volume equations (1965. A new total cubic foot volume function. For. . The mean absolute bias was reduced up to 28% for certain species using the fitted taper equations compared with the refitted Honer (1965) equations, although the refitted Honer's models are also quite accurate where total stemwood volumes are needed. Independent validation data sets were used to further confirm reliability and accuracy of fitted taper models in predicting tree volume. These data sets indicated that the equations performed well, in general, but were slightly biased in certain thinned stands and in some New Brunswick ecoregions. Additional data are needed to confirm this and potentially improve model behavior. Overall, the models will be useful for predicting both stem form and merchantable and total volume.
S tem taper equations are widely used to estimate diameter inside (diameter inside bark) and outside bark (diameter outside bark) at any given tree height, or conversely to estimate a corresponding height at any given diameter. In addition, total tree volume or merchantable volume to any specified upper stem diameter can be obtained by integrating taper equations along the bole.
Numerous taper equations are proposed in the forestry literature. Conventionally, taper equations are divided into two major categories: segmented taper equations, represented by Max and Burkhart (1976) and Clark et al. (1991) , and continuous variable exponent or form taper equations, which are exemplified by Kozak (1988 Kozak ( , 2004 , Zakrzewski (1999) , and Bi (2000) . Among them, a model form (Model 02) from Kozak (2004) is found to be one of the most reliable taper equations for various species in terms of predicting both upper stem diameters and tree volume in several comprehensive studies (Rojo et al. 2005 , Yang et al. 2009b , Li and Weiskittel 2010 .
Taper equations are generally species specific, which means that model accuracy in estimating diameters depends on tree species (Sharma and Zhang 2004) . Therefore, for each species a separate set of parameters for a fixed taper equation that identifies the unique bole shape is needed. Stand characteristics, such as stem density, regeneration method, soil type, and geoclimatic attributes also may have a significant impact on tree growth and stem form. However, tree size attributes are generally the most effective variables for predicting stem form (e.g., Muhairwe et al. 1994) .
The Acadian Forest Region, which includes Maine, the Maritime Provinces of Canada, and parts of eastern Quebec, is covered with a mixed species forest that marks a transition zone from broadleaf to boreal forest (Braun 1950) . Conifer species generally dominate this region, including balsam fir (Abies balsamea [L.] Mill.), spruce (red, white, black) (Picea spp. A. Dietr.), and a number of pines (Pinus spp. L.). A systematic study of the behavior of taper profile models for majority of conifer species in this specific region is lacking. For example, Solomon et al. (1989) only presented taper models for balsam fir and red spruce in Maine, whereas a few studies of stem form analysis on balsam fir, jack pine, white spruce, and black spruce in other regions of Canada (Sharma and Zhang 2004 , Lejeune et al. 2009 , Yang et al. 2009a ) are available. In addition, Westfall and Scott (2010) recently presented taper equations for the primary commercial species in the northeastern United States based on data collected from standing trees.
The Honer (1965 Honer ( , 1967 volume equations have been used over the decades to calculate stand and individual tree volumes for a majority of species present in the Acadian Forest Region. However, previous work has shown that Honer (1965) equations can be biased (Weiskittel et al. 2009, Li and Weiskittel 2010) . The development of new taper models to estimate standing tree volume would benefit forest practitioners by improving model accuracy and flexibility in volume predictions while providing a method to estimate stem form.
The purpose of this study was to provide practical guidelines in developing taper profile models for the majority of conifer species in the Acadian Forest Region. The specific objectives were to (1) fit the Honer (1965) volume equation and Kozak (2004) taper equation for 11 conifer species in the Acadian Forest Region of North America using a nonlinear mixed effects modeling approach, (2) assess accuracy and precision of fitted taper models in predicting both diameters and volume outside bark (VOB), (3) evaluate differences in stem taper between naturally regenerated stands and planted stands when possible, (4) assess spatial distribution of bias in the stem taper models among different ecoregions of New Brunswick, and (5) use independent data sets for a subset of species to evaluate taper and volume equation performance across a range of stand conditions.
Methods

Data
The data used in this analysis came from a variety of sources. The majority of fitting data were obtained from three primary data sources: (1) stem analysis data used in the Honer (1965 Honer ( , 1967 (TL) . Regardless of origin, all data were obtained from the stem analysis of felled trees. The primary data sources are described in brief detail below.
The Honer (1965 Honer ( , 1967 data were originally gathered for construction of regional form-class volume tables for the Ontario Department of Lands and Forests. Sampled plots were located in various sites throughout central and eastern Canada. The forest stands were all naturally regenerated and covered a wide range of stand types and ages. The stem analysis data, including both diameter outside bark and diameter inside bark at stump height (0.3 m), breast height (1.37 m), and each 1/10th section of total height above breast height, were recorded. Total tree height and other tree characteristics were also recorded.
Data from planted stands located in New Brunswick, Canada, were collected during 2009. Sample plots were dispersed among all seven ecoregions of New Brunswick (Zelazny 2007) . Total tree height, stump age, dbh, and other relevant tree characteristics were measured and recorded. The stem diameters inside bark were measured at 0.15 (stump height), 0.65, 1.29, and 1.65 m and every 0.5 m up to tree tip. Bark thickness at each section was recorded as well.
The Quebec data were collected by the Ministry of Natural Resources throughout the province. The data consisted of 94,746 observations of diameter outside bark from 4,983 trees. The species sampled included balsam fir (n ϭ 1,949), eastern hemlock (n ϭ 358), jack pine (n ϭ 1207), northern white cedar (n ϭ 670), red pine (n ϭ 211), and white pine (n ϭ 588). Trees were sampled from a range of stand types that varied in age, density, and species composition. On each tree, measurements of diameter outside bark were taken at stump height, breast height, and approximately every 1 m after breast height. For balsam fir and red spruce, we also obtained additional stem analysis data from other sources, including Gilmore and Seymour (1996) , Maguire et al. (1998) , Meyer (2005) , and Phillips (2002) . Gilmore and Seymour (1996) study sites were located on the University of Maine Dwight B. Demeritt Forest, and Maguire et al. (1998) and Phillips (2002) were on the nearby US Forest Service Penobscot Experimental Forest. The Meyer (2005) data were collected from various locations throughout Maine. Details on specific sampling schemes used in each study can be obtained from Li and Weiskittel (2010) . However, sampled trees gathered from these various studies are a very small percentage of the data used for this analysis. For eastern hemlock and northern white cedar, additional data were obtained from Kenefic and Seymour (1999) and Hofmeyer et al. (2009) , respectively.
The validation data sets were gathered from two different studies. One data set came from Pitt and Lanteigne (2008) , which was originally designed to study the long-term responses of balsam fir to precommercial thinning (PCT). Sample plots were located in the Green River watershed of northwestern New Brunswick. In our study, we used their tree-list data to validate accuracy of outside bark volume predictions. Another data set from Lemin and Briggs (1993) that was made up of young balsam fir and spruce in PCT and no-PCT stands in Maine was also used.
A summary of the data, including number of trees, mean, and range of dbh and total tree height, is presented in Tables 1a and 1b .
Data Analysis
The form of the Kozak (2004) Model 02 taper equation is
where
, d ϭ diameter inside bark or diameter outside bark (cm), H ϭ total tree height from ground (m), D ϭ dbh (cm), h ϭ section height from ground (m), p ϭ 1.3/H (relative breast height), and z ϭ h/H (relative height from ground). The original equation was used to predict diameter inside bark; however, because diameter outside bark generally has a linear relationship with diameter inside bark, we used this equation to predict diameter outside bark because much of our data only had overbark measurements.
The fact that stem data were collected at multiple points on the same individual tree presented a form of autocorrelation among observations from the same tree. Neglecting this autocorrelation may result in incorrect statistical inference and confidence intervals. Therefore, nonlinear mixed effects (nlme) modeling techniques were used to fit the above taper equation to account for autocorrelation by incorporating individual tree random effects into the model. The advantages and details of using nlme modeling techniques for hierarchical or longitudinal data in forestry applications have been fully discussed in several publications (e.g., Gregoire et al. 1995, Hall and Clutter 2004) . In this study, parameters ␣ 0 and ␤ 3 in Equation 1 were associated with random effects to account for individual tree variation. The preliminary analysis showed that a first-order continuous autoregressive error structure (CAR1) was needed to further reduce autocorrelation. It is defined as Corr ( t , s ) ϭ ͉t Ϫ s͉ , where t and s are model residuals of two observations from the same tree, parameter represents the correlation between any two observations 1 unit apart, and ͉t Ϫ s͉ is the height distance between these two observations. A power variance function was specified in the model fitting process to handle heteroscedasticity noted in the residuals during preliminary analysis. This function is defined as Var( i ) ϭ 2 ͉ i ͉ 2␦ , where 2 is the residual sum of squares, i is the weighting variable (section height in this study), and ␦ is the variance function coefficient.
All statistical analyses were carried out in R using the nlme library (Pinherio and Bates 2000) .
Evaluation Criteria
We chose to use mean absolute bias (MAB) and root mean square error (RMSE) to evaluate model performance for both estimation in the fitting stage and prediction in the validation stage. The formulas of MAB and RMSE are as follows:
where Y i refers to the observed or measured ith response value (diameter outside bark or VOB), and Ŷ i is the corresponding predicted response value.
Trees sampled from planted stands may present a different stem profile from trees sampled from naturally regenerated stands. To test whether an additional parameter(s) is needed to account for the difference between naturally regenerated and planted stands, a Wald-type test or a likelihood ratio test is generally used. However, because of large-size samples a small difference in model forms could lead to rejection of the null hypothesis. Furthermore, this is an observational study, and there may be other confounding factors, such as different geographic locations, stand ages, and measurement methods. Therefore, a formal significance test is trivial in this situation; however, we still present our model form (Equation 4) here with an additional parameter indicating the stand regeneration method (natural versus planted), and users can choose the most suitable model form based on their own data. We also compared and assessed the improvement of the model performance due to this additional parameter. where I ϭ 0 if the stands are naturally regenerated and I ϭ 1 if the stands are planted. Both "observed" and predicted tree volumes were derived using the Smalian formula. For observed volume, we used measured diameters at each section to obtain section volume and then summed to acquire total tree volume. For predicted tree volume, we divided each tree into 100 sections, predicted diameters at each section height, and then obtained section volume using the Smalian formula, which were then summed. As a comparison, the Honer (1965 Honer ( , 1967 regional equations were refitted to obtain individual tree volume for all the species. The Honer (1965 Honer ( , 1967 
volume equation was given as
where D e represents dbh outside bark in inches, H e is total tree height in feet, and V e refers to individual tree volume in cubic feet. English units were used for this portion of the analysis to maintain consistency with the original Honer (1965 Honer ( , 1967 parameters. For further evaluation and comparison, we also calculated diameter outside bark and VOB predictions for each of study species using a recently published taper equation (Westfall and Scott 2010) .
Validation
Although there are no set of specific standards or tests that can be easily applied to determine the "appropriateness" of a model, we need to establish a minimum validation procedure to ensure reliability and reasonable performance of a new model (Huang et al. 2003) . One approach to validate a statistical fitted model is to apply the fitted results to an independent data set. Because of the difficulty in collecting new stem analysis data, in this study we validated the fitted models based on volume predictions. The data we used for validation consisted of dbh, total height, and volume calculated from stem analysis (the original stem disc data were unavailable). Because volume predictions were obtained through the integration of diameter predictions based on the fitted diameter models, we believe this validation process is reasonable and can provide insight on how well and reliable the fitted taper models are. All validation statistics were estimated using only the fixed effects of the fitted nlme equation.
Results
Model Development
The estimated parameter values and their corresponding standard errors of the fitted taper equations for diameter outside bark models are listed in Table 2 (see Appendix A for estimates for the diameter inside bark model). All parameters are significant at the (1) 2012 level of 0.05, except ␣ 2 for WP (P ϭ 0.14) and NS (P ϭ 0.09); ␤ 4 for WS (P ϭ 0.36), NWC (P ϭ 0.97), and TL (P ϭ 0.40); and ␤ 6 for NS (P ϭ 0.26). The corresponding fit statistics, MAB and RMSE, are summarized in Table 3 .
Both the bias statistic (MAB) and RMSE indicate that diameter outside bark taper models using the Kozak (2004) equation performed well for all 11 conifer species (Table 3) . The MAB ranged from 0.6 to 2.1 cm, and the RMSE ranged from 0.8 to 3.3 cm, depending on species. All species showed relatively small bias, except EH. The residual plots also gave further evidence that all fitted models behaved well (Figure 1 Separating planted and natural stands led to a modest gain in model performance. However, this gain was not great as the maximum reduction in the MAB and RMSE was around 0.03 cm for WS. Figure 2 depicts predicted taper profiles using the fitted taper equations on a typical tree with average dbh and HT values for BS, WS, JP, and RS. We found that naturally regenerated stands tended to have greater diameter estimates in the middle section of tree stem compared with planted stands. However, this difference was minimal for JP and modest for BS, WS, and RS. Also, diameters in natural stands may be slightly better predicted than planted stands using Equation 4 (Figure 1) . Table 4 gives the bias statistics of integrated stem VOB using the fitted taper equations (see Appendix B for an example of how to obtain individual tree volume by integrating fitted taper models). As a comparison, the bias in the tree volume calculated by the refitted regional Honer (1965) volume equations is also presented here. We found the accuracy in predicting VOB was improved for all the species, except BS, by using taper equations over the refitted Honer (1965) volume equations in terms of MAB. The RMSE was also reduced in the stem volume predictions using fitted taper models. However, readers need to be aware that this improvement is at the expense of the complexity of the taper model form. Parameter estimates and corresponding standard errors for refitted Honer (1965) equations are presented in Table 5 Figure 3 shows the difference of bias percentage in predicting VOB among seven ecoregions in New Brunswick for sampled trees from planted stands. Note that only four species (BS, WS, JP, and NS) were sampled from planted stands and these sampled trees were not evenly distributed in each of the seven ecoregions. For example, NS was only found in ecoregions 2, 3, 4, and 5. We found that for BS, VOB for trees in region 1 and 4 was underestimated and for trees in region 7 was slightly overestimated; for WS, most ecoregions showed signs of underestimated VOB; for JP, VOB was not biased in all sampled regions; and for NS, only ecoregion 2 showed an indication of under-estimation of VOB.
Model Assessment
We also assessed the bias of VOB on two independent data sets ( Table 6 ). Because of the lack of data for other species, we only Table 4 . Mean absolute bias (MAB) and root mean square error (RMSE) of stem volume outside (VOB) bark for 11 conifer species. M1 and M2 are stem taper models fitted in the present analysis without and with an indicator for regeneration method, respectively. Honer represents the refitted regional Honer (1965 Honer ( , 1967 (2008) and Lemin and Briggs (1993) data sets, and 15% for RS on Lemin and Briggs (1993) 
Discussion
This study represents a systematic regional approach for development of taper profile models for the major conifer species in the Acadian Forest Region of North America. We have demonstrated and presented the analysis of diameter and volume estimation using the widely used Kozak (2004) taper equation. We chose the Kozak (2004) Model 02 taper equation as our model base function because it has been shown by several studies that it can provide reliable and accurate predictions for both diameters and tree volume (merchantable volume and total tree volume) (e.g., Li and Weiskittel 2010) . In addition, our preliminary analysis also provided adequate evidence that the Kozak (2004) equation is less biased than other widely used taper equations, such as the segmented equation (Clark et al. 1991) , the volume compatible equation (Fang et al. 2000) , and the cubic taper equation (Goodwin 2009 ), as well as several volume equation forms, including Honer (1965 Honer ( , 1967 . Solomon et al. (1989) used the Max and Burkhart (1976) equations to predict diameter and volume inside bark for balsam fir and red spruce in this region, but a previous study showed greater bias using the Max and Burkhart (1976) equations on spruce and fir trees (Li and Weiskittel 2010) . Moreover, the Kozak (2004) equation has the merits of being flexible and easy to fit, which is important in practical terms. In spite of these advantages, it should be noted that the Kozak (2004) Valentine and Gregoire (2001) , which originally required measurements of height to live crown base as an independent input variable. However, the modified equation in the work of Westfall and Scott (2010) removed this limitation and also relaxed the restriction of fixed joining points. The equally good performance of the Kozak (2004) and Westfall and Scott (2010) equations in predicting diameter outside bark indicates little regional difference in the stem form for the study species.
In recent years, nlme modeling techniques have been applied to many areas in forest growth and yield modeling because of their ability to account for between-and within-subject variations (Gregoire and Schabenberger 1996 , Tasissa and Burkhart 1998 , Fang and Bailey 2001 , Garber and Maguire 2003 . As indicated by the name, mixed-effects models include both fixed effects and random effects parameters. In our analysis, the species-level trend was described by fixed parameters, and individual tree variation was taken into account by random effects. It is beyond the scope of this study to provide individual tree calibration for future predictions; however, readers who are interested in tree-level prediction calibration can find more information in other forestry literature (Hall and Bailey 2001 , Huang et al. 2009 , Yang et al. 2009b .
Overall, the taper equations developed here represent a modest improvement to the Honer (1965) regional volume equations. In addition to providing an ability to estimate total stem volume, the equations can be used to estimate merchantable volume to any desired specification based on minimum top diameter or length. Although some bias in predictions due to geographic region and thinning method existed, the models can be easily locally calibrated with the collection of additional information. Regardless, the models predicted quite well despite the wide range of stand conditions embodied by the available data. However, further testing of these equations is needed. For example, Guiterman et al. (2011) found the developed taper equations from this analysis effective for predicting both eastern white pine stem form and total volume across a range of thinning treatments. Additional data are needed to confirm this result for other species.
to h 100 , we calculate d 0 , d 1 , . . . , d 100 as follows:
Similarly, we obtain d 1 ϭ 31.64, d 2 ϭ 28.88 . . . , andd 99 ϭ 0.94. Because h 100 is equal to the total tree height, we force the diameter at this point being zero, i.e., d 100 ϭ 0. Next, we use the Smalian formula to calculate the volume for each of those 100 sections, v 1 , v 2 , . . . , and v 100 . Similarly, we can obtain v 2 ϭ 0.0134 m 3 , v 3 ϭ 0.0116 m 3 , . . . , and v 100 ϭ 6.49 ϫ 10 Ϫ6 . By summing up these 100 section volumes, we obtain the total tree volume as 0.464 m 3 . We can use the above steps to calculate the merchantable volume or any section log volume. The only difference is how the section heights h 0 , h 1 , h 2 , . . . , h 100 are derived. For example, if the stump height (sH) is 1 m, and the top height (tH) is specified as 3 m, then we have h 0 ϭ 0 ϩ sH ϭ 1 m, h 1 ϭ 1/100 ϫ L ϩ sH, and so on, where L is the length of merchantable log, i.e., L ϭ tH Ϫ sH. Once section heights are known, we can follow the same procedure listed above to calculate diameters at each section height and then obtain the merchantable volume through Smalian's formula.
Although it is tedious to calculate the volume by hand, it is relatively easy to use a spreadsheet or other computer program to perform the calculation. A Microsoft Excel spreadsheet for calculating individual tree total and merchantable volume inside and outside bark is available on request.
